Introduction
Fibromyalgia (FM) is characterized by widespread pain in the absence of identifiable peripheral pathology. 13 Although there is no unanimity regarding the precise pathophysiology of fibromyalgia and related conditions, there is general agreement that this represents some type of central sensitization, and that most individuals with this condition display diffuse hyperalgesia/allodynia, identifiable via both quantitative sensory testing and functional neuroimaging. 23 ; 51 A number of neurotransmitter systems could be partially responsible for this diffuse hyperalgesia/allodynia, including increases in excitatory neurotransmitters (e.g. glutamate 29; 56 and Nerve Growth Factor 22 ) and reduced levels of inhibitory neurotransmitters (e.g. GABA, 19 norepinephrine 55 ). The fact that these alterations are playing a critical role in fibromyalgia is supported by the fact that CNS-acting drugs that normalize these neurotransmitters are efficacious in subsets of individuals with fibromyalgia. 31; 57 To date, the only neurotransmitter system studied in fibromyalgia that is not characterized by increased excitatory and decreased inhibitory influences on pain processing is the endogenous opioid system.
Binding of endogenous opioids to the μ-opioid receptor (MOR) can be inferred indirectly selective radiotracer [ 11 C]-carfentanil using positron emission tomography (PET) 69 and reflects a combination of MOR density and MOR affinity. This technique has shown that increased MOR binding potential (BP) is associated with reduced pain sensitivity and more effective endogenous analgesia in healthy human subjects, 28 ; 52 and we previously reported that regional MOR BP is reduced in the brains of chronic pain patients diagnosed with FM. 30 These findings, coupled with data showing elevated endogenous opioid concentrations in the cerebrospinal fluid (CSF) of FM patients, 5 has led to speculation that FM is characterized by 1) increased synaptic levels of opioids and fewer unoccupied MORs at rest, 2) down-regulation or decreased efficacy of postsynaptic membrane-embedded MORs, or 3) some combination of the two. 30 However, the role that endogenous opioids play in promoting core symptoms of FM, including widespread clinical pain and hyperalgesia to experimental stimuli, has yet to be characterized. This knowledge deficit is particularly striking considering the continued use of opioids in the treatment of FM, despite poor evidence supporting opioid efficacy in this condition and good evidence showing that long-term opioid administration can lead to opioid-induced hyperalgesia (OIH). 3; 63 To date, no studies have directly compared pain-evoked brain activity and MOR binding within the same chronic pain patients. To better characterize the relationship between endogenous opioids and neural correlates of pain processing in FM, we measured tonic, resting MOR availability using [ 11 C]-carfentanil PET and the blood oxygenation level dependent (BOLD) effect during evoked pain assessed by functional magnetic resonance imaging (fMRI). 14; 25; 30 This allowed us to explore the relationship between MOR availability and dynamic pain responses in patients with deficient MOR availability. This relationship was explored using whole-brain voxel-to-voxel comparisons of BOLD and MOR BP and a targeted approach using regions of interest exhibiting lower BP in FM patients relative to controls. 30 To explore the clinical relevance of these findings, we investigated whether opioid availability and pain-evoked activity in FM were associated with self-reported clinical pain.
Methods

Participants and Study Design
18 right-handed female fibromyalgia patients (age 45.4+/− 13.0 years) were studied. These included the 17 patients studied in our 2007 report and an additional patient that lacked a matched control and was not included in that report. 30 This study is a new investigation of the relationship between MOR BP and evoked pain brain activation using fMRI which was conducted concurrently but not previously reported. Each patient underwent a 60-minute fMRI scanning session with varying intensities of pressure pain applied to the left thumb as well as a separate 90-minute [ 11 C]-carfentanil PET scan under resting conditions (both scans were conducted within 48 hours of each other). Participants gave written informed consent and all study protocols were approved by the University of Michigan Institutional Review Board and the Radioactive Drug Research Committee. erythematosus, inflammatory bowel disease) known to cause pain, (3) were participating in therapeutic trials, (4) were pregnant or nursing, (5) had severe psychiatric illnesses (e.g., schizophrenia, major depression with suicidal ideation, within prior 2 years) or current major depression, or (6) had contraindications to PET. No participants were currently using or had a history of opioid use. Ten participants were using serotonin reuptake inhibitors or dual serotonin/norepinephrine reuptake inhibitors while eight were not.
Magnetic Resonance Imaging (MRI): Data Acquisition
Structural and pain-evoked fMRI scans were performed on a 3 tesla scanner (Signa LX; General Electric, Milwaukee, WI). T1-weighted spoiled gradient echo (SPGR) structural images were acquired for spatial registration of the functional data (TE=3.4ms, TR=10.5ms, FA=20°, FOV = 24 cm and 0.94×0.94×1.5 mm voxels) and were inspected revealing no gross morphological abnormalities for any patient.
Evoked pain BOLD responses were collected using two identical block design fMRI scans, each lasting 640 sec. Functional MRI images were collected using a T2*-weighted spiral sequence (TR = 2.5 s, TE = 30 ms, FA = 90°, matrix size 64×64 with 48 slices, FOV = 22 cm and 3.44×3.44×3 mm voxels). Evoked pain levels were determined using the 0 -20 Gracely Box Scale (GBS) for pain intensity. 51 Prior to scanning, pressure applied to the thumbnail that elicited "faint" (0.5 on the GBS) "mild-moderate" (7.5 on the GBS) and "slightly intense" (13.5 on the GBS) pain were determined for every subject using the multiple random staircase method. 24 While FM is characterized by widespread pain, the thumbnail is a largely asymptomatic area in this condition. During the pain-evoked BOLD scanning session, pressure was applied with a computer-controlled pneumatic system to the left thumbnail, via a rubber-tipped piston with a contact surface area of 1 cm 2 . The three distinct, subject-specific amounts of pressure eliciting each of the three perceived pain levels, and an innocuous (touch) pressure (0.25 kg/cm 2 ) were delivered in pseudo-random fashion and interleaved with a resting condition during which no pressure was applied. Each session included three 25-sec blocks of all pressure intensities. Therefore, all pain and innocuous stimuli were presented a total of six times (See Figure 1 for schematic of experimental design). This number of stimulus presentations has been shown to be sufficient to produce acceptably reliable BOLD signals. 61 
Positron Emission Tomography (PET): Data Acquisition
Scans were acquired with a Siemens (Knoxville, TN) HR+ scanner in three-dimensional mode [reconstructed full width at half-maximum (FWHM) resolution, ~5.5 mm in-plane and 5.0 mm axially], with septa retracted and scatter correction. Participants were positioned in the PET scanner gantry, and an intravenous (antecubital) line was placed in the right arm. A light forehead restraint was used to eliminate intra-scan head movement. [ 11 C]-carfentanil was synthesized at high specific activity by the reaction of [ 11 C]-methyliodide and a nonmethyl precursor as described previously. 37 15 +/− 1 mCi (555 +/− 55 MBq) were administered during the scan. Receptor occupancy by carfentanil was calculated to be between 0.2 and 0.6% for brain regions with low, intermediate, and high MOR concentrations, based on the mass of carfentanil administered and the known concentration of opioid receptors in the postmortem human brain. 20; 27 Fifty percent of the [ 11 C]-carfentanil dose was administered as a bolus, and the remaining 50% was administered by continuous infusion for the remainder of the study. Twenty-eight frames of images were acquired over 90 min with an increasing duration (30 seconds up to 10 minutes).
PET and fMRI Image Processing
PET images were reconstructed using iterative algorithms (brain mode; FORE/OSEM, four iterations, 16 subsets; no smoothing) into a 128×128 pixel matrix in a 28.8 cm diameter field of view. Attenuation correction was performed through a 6 min transmission scan ( 68 Ge source) obtained before the PET study and with iterative reconstruction of the blank/ transmission data followed by segmentation of the attenuation image. Small head motions during emission scans were corrected by an automated computer algorithm for each subject before analysis, and the images were coregistered to each other with the same software. 48 Time points were then decay corrected during reconstruction of the PET data. Image data were transformed on a voxel-by-voxel basis into two sets of parametric maps: (1) a tracer transport measure (K 1 ratio) and (2) a receptor-related measure (non-displaceable binding potential, BP). To avoid the need for arterial blood sampling, the tracer transport and binding measures were calculated using a modified Logan graphical analysis, 42 using the occipital cortex (an area devoid of MORs) as the reference region. The slope of the Logan plot was used for the estimation of BP, a measure equal to the (f 2 B max /K d ) for this receptor site and radiotracer. f 2 B max /K d is the receptor-related measure (BP or MOR availability). The term f 2 refers to the concentration of free radiotracer in the extracellular fluid and is considered to represent a constant and very small value. K 1 and BP images for each experimental period were coregistered to each other and to the high resolution T1 MRI structural image. The T1 structural image was spatially normalized with the nonlinear warping algorithm in statistical parametric mapping (SPM5) to the standard Montreal Neurological Institute (MNI) space. BP images were then normalized to the same template for inter-subject comparisons. Functional MRI images went through slice timing correction and spatial realignment to the first image of the first run. These images were then coregistered to the T1 structural image obtained from MRI, and in turn were normalized to the standard T1 template in MNI space. The normalized BP and fMRI images both had a voxel size of 2×2×2 mm. The accuracy of coregistration and nonlinear warping algorithms were confirmed for each subject individually by comparing the transformed MRI and PET images to each other and the standard T1 template. The normalized fMRI images were further spatially smoothed with a 3 dimensional Gaussian kernel (full width half maximum of 8mm) to enhance the signal to noise ratio. Subject head motion was assessed by evaluating three translations and three rotations for each scan. Translational thresholds were set to ± 2 mm, while rotational thresholds were limited to ± 1°. No subjects were excluded for head motion.
PET and fMRI Image Analysis
Initial statistical analysis of the fMRI images was performed with SPM5 and the biological parametric mapping (BPM) toolbox. 8 Functional MRI images were analyzed with a general linear model at individual subject level. Innocuous, "faint" pain, "mild-moderate" pain, and "slightly intense" pain pressures were built in the model as experimental conditions. An inspection of the BOLD time series showed that pain induced BOLD peaks and tapers off within 5 seconds of the onset of the stimuli. With this observation in mind, we modeled the conditions using 5-sec duration rather than the entire 25-sec block. See supplemental Figure  1 . This decision is consistent with recent work suggesting that the most of the BOLD signal response to some forms of continuous pain stimulation is due to the sharp rise in the signal at stimulus onset followed immediately afterwards by a sharp decay. 34 The contrast images from the general linear model representing activation levels corresponding to the three pain conditions were collected for analysis with the BPM toolbox. 8 The primary contrast of interest for fMRI analyses was "slightly intense" pain (13.5 on the GBS) vs. innocuous touch; this was because this contrast produced the largest (as expected) difference in BOLD signal, and because higher pressure pain ratings appear to be more strongly associated with clinical pain ratings. 21 Correlations between fMRI contrast images and PET BP images were then performed. Activation clusters were defined based on a correlation coefficient of |R|>=0.6, a voxelwise P-value < 0.001, and cluster size > 10 voxels with cluster correction for multiple comparisons at P < 0.05. We performed a single small volume correction (SVC) for a cluster in the subgenual anterior cingulate cortex (sgACC) previously identified in a study of pain in FM (MNI coordinates = 8, 46, 4). A separate region of interest (ROI) analysis based on seven clusters previously identified in our 2007 report on differences in MOR BP between FM patients and healthy controls was also performed 30 (see Table 2 ). Regions examined included ACC, nucleus accumbens (NAc), amygdala, and putamen. Mean voxel values of the differential images from each of the clusters were extracted for each subject and correlation coefficients across subjects were calculated for statistically significant clusters in SPSS Version 22.0. For our ROI-based analyses significance was set at P < 0.05. See supplemental material for evaluation of mean BOLD activation produced by the contrast of interest.
Clinical outcomes
Clinical pain was assessed with the Short Form McGill Pain Questionnaire (SFMPQ). 47 This questionnaire yields a total score (ranging from 0 to 45), comprised of both sensory (score of 0 to 33) and affective (score of 0 to 12) scores. Higher scores reflect greater clinical pain. We used a ratio of affective pain to sensory pain as our dependent variable following our previous analyses. 30 Because opioids are believed to be more strongly related to the affective component of pain, 39; 62 we used this ratio to determine how clinical affective pain changes in proportion to sensory pain. We conducted bivariate correlations (pearson r) with this measure, BOLD responses, and MOR BP. Depression was assessed with the Center for Epidemiologic Studies -Depression (CES-D) measure. 54 We also conducted correlations of imaging findings with levels of depression to determine if imaging outcomes were associated with overall mood. Finally, we conducted an exploratory mediation analyses to investigate the possibility that clinical pain is influenced by MOR BP via evoked-pain brain activation.
Results
Within our whole brain search as well as well as our a priori regions of interest, we observed strong within-patient associations between neural activity in response to experimental pressure pain and MOR BP. In whole-brain analyses eight regions showed significant associations between fMRI BOLD and MOR BP, all in a positive direction (Table 1) . Interestingly, some correlations were detected in regions considered to inhibit pain when activated, including the dorsolateral prefrontal cortex (DLPFC), and multiple regions within the cingulate cortex ( Figure 2) . Two of these regions were located in the rostral ACC (rACC), one in the perigenual ACC extending into the medial frontal gyrus (pgACC/MFG), and another in the subgenual ACC (sgACC). Our ROI-based approach from regions discovered in the 2007 report 30 also revealed positive correlations between fMRI BOLD and MOR BP within the ACC and the nucleus accumbens (NAc), suggesting a patient-specific relationship (Table 2 ). For both our whole brain search and targeted ROI approach, no significant negative associations were detected.
To determine if our neurobiological outcomes were related to clinical measures of pain or depression, we correlated BOLD and MOR BP from any significant region identified above with our mood and clinical pain outcomes. Bivariate analyses revealed that the affective/ sensory pain ratio was negatively associated with a number of imaging outcomes, such that higher BOLD responses to evoked pain and higher MOR BP were associated with less affective pain proportional to sensory pain. Specifically, fMRI BOLD signals in multiple regions including the medial frontal gyrus (MFG), the posterior cingulate cortex (PCC), pgACC/MFG and sgACC were negatively associated with the affective/sensory ratio (all r < −.51, all P < .03). Similarly, higher MOR BP was negatively associated with the affective/ sensory pain ratio in the MFG, PCC, pgACC, precentral gyrus, ACC, sgACC (all absolute r > .49, all p < .04). All correlations, including those that did not reach significance, were in a negative direction. No imaging outcome was associated with overall depression suggesting that the above associations are specific to pain (all p > .1; Figure 3 and Table 3 ). See supplemental material showing the mean BOLD activation for our contrast of interest (presented in the Supplemental Figure 1 legend) and exploratory mediation analyses demonstrating that clinical pain is influenced by MOR BP through evoked pain brain activation (Supplemental Figure 2 ).
Discussion
Our study has shown, for the first time, robust associations between evoked pain brain activity and MOR availability within the same brain regions and the same individuals with chronic pain that have already been shown to display MOR availability deficiencies in painprocessing brain regions. 30 The only other pain studies we are aware of that employed PET and fMRI together were performed in healthy individuals and used the non-selective radioligand ([ 11 C]diprenorphine). 16; 64 Our study is also the first to perform a whole brain search specifically correlating fMRI BOLD responses to pain with resting MOR BP. Our findings suggest that the dysregulation of the endogenous opioid system we previously reported in these FM patients is strongly related to an objective neural marker of their pain sensitivity. In particular, we observed a strong coupling of evoked-pain brain activity and MOR availability in two regions -the DLPFC and rACC -known to play an important role in anti-nociception. 7; 32; 43 These findings extend to the clinical pain experience, as increased brain activation and MOR availability was also associated with lower ratings of pain affect. These findings may therefore contribute to the mechanistic understanding of experimental pain sensitivity and clinical pain report in FM.
We propose a conceptual model of affective pain dysregulation secondary to endogenous opioid system dysregulation in FM (Fig. 4 and 5) . In a healthy individual, GABAergic interneurons tonically inhibit neurons in regions such as the ACC, PFC, hippocampus and periaqueductal gray (PAG). 1; 10; 11; 53 These GABAergic interneurons become inhibited when bound by opioids resulting in disinhibition and excitation of antinociceptive neurons such as those found in the rACC that project to descending inhibitory pain structures such as the PAG. 7 In FM, however, high levels of tonic endogenous opioids, lead to downregulation or reduced affinity of MORs on GABAergic interneurons in antinociceptive brain regions. Consequently, phasic endogenous opioid release as occurs during noxious stimulation does not produce appropriate inhibition of GABAergic interneurons, and antinociceptive neurons fail to activate. High levels of endogenous opioid are attested to by our previous report showing their elevation in the CSF of FM patients 4 and our previous report comparing MOR BP between these FM participants and healthy controls demonstrates a loss of MOR number or affinity. 30 That high endogenous opioid tone likely translates to loss of MOR availability is supported by pre-clinical studies demonstrating that chronically increasing synaptic endogenous opioid levels (by preventing their degradation) leads to a decrease in MOR density, 17 while chronically decreasing endogenous opioid neurotransmission (by blocking MOR receptors) leads to an increase in MOR density. 60 Our current findings now demonstrate a direct association between the endogenous opioid system and antinociceptive brain responses. It is possible that MOR availability and evoked pain BOLD responses are also associated in healthy individuals, which would suggest that we are observing a normal mechanism that is simply shifted in FM. Alternatively, the same level of MOR BP in a healthy individual might produce a more pronounced BOLD response in antinociceptive regions. These are important distinctions that need to be addressed in future studies.
Clinical and pre-clinical studies using low dose naltrexone, an opioid receptor antagonist with strong affinity for the μ subtype, provide additional inferential evidence for the role of the endogenous opioid system in pain sensitization processes. In a series of studies, Younger et al. demonstrated analgesic effects of low dose naltrexone treatment in opioid-naïve FM patients. 66; 67 While these authors propose a different mechanism whereby low dose naltrexone acts to inhibit glial activation, we propose that low dose naltrexone could also increase MOR BP and consequently increase brain responses to endogenous opioid release. This latter hypothesis is consistent with early observations by Levine et al. 41 wherein low dose naltrexone was shown to be analgesic only in responders to placebo, a process linked to increased MOR binding, 68 but not in placebo non-responders. In preclinical studies, naltrexone has also been shown to block hyperalgesia evoked by repeated stress. 40 Activation in two regions where MOR availability and fMRI BOLD responses to evoked pain were strongly associated in our study -the DLPFC and rACC -have previously been associated with reduced pain in healthy subjects. 7; 43 In FM patients, the rACC exhibits reduced activation to evoked pain, 35 and reduced connectivity to other pain inhibitory regions when compared to healthy controls. 36 Additionally, enhanced rACC activation is associated with better long-term pain habituation -a critical finding as FM is a chronic disease with progressive elements. 6; 7 Furthermore, these antinociceptive structures were linked to the endogenous opioid system in both preclinical and clinical studies. A recent study employing transcranial direct current stimulation (tDCS) indicates that this stimulation produces an analgesic effect concurrent with increased endogenous opioid binding (measured by [ 11 C]-carfentanil) in the left PFC. 15 Animal models demonstrate that opioid receptor blockade in the rACC inhibits NAc dopamine release and alters conditioned place preference following non-opioid pain treatments -a result the authors posit may help explain the preferential action of opioids in attenuating the affective reaction to pain. 49 Clinical studies indicate that the extent of binding by endogenous opioids in response to placebo in the rACC and NAc predicts the magnitude of pain relief experienced in healthy volunteers. 59; 68 It is important to note that both greater MOR BP and BOLD from clusters in the rACC identified in our whole brain search were strongly associated with lower pain affect.
These findings are relevant to the large body of preclinical work demonstrating a distinct alteration of the opioid system in response to chronic administration of opioids. 3 In preclinical pain models, OIH is elicited following increased exposure to opioids resulting in reduced experimental pain thresholds, an effect that has been shown to be dose-dependent 46 and independent of withdrawal. 45 While this mechanism is considerably less well characterized in humans, OIH has been demonstrated by reductions in experimental pain thresholds in drug addicts taking methadone, patients receiving high doses of exogenous opioids during surgery, and community dwelling adults with chronic pain using opioids long term. 2; 33; 63 While short-term use of opioids may not exacerbate experimental pain in human chronic pain patients, 12 long-term exposure, particularly at higher doses, may well have different and more deleterious effects. 9; 63 It is therefore possible that the relationship between low MOR BP and reduced anti-nociceptive brain responses to pain is an endogenous process analogous to OIH. This may help explain why recent prospective longterm studies of opioid use in FM do not generally support their efficacy. 18; 50 Our study has limitations. Though designed to address clinical aspects of pain in FM, we did not have a healthy control group. Our analyses were cross-sectional and consisted only of women. We examined a small number of participants so our findings need to be replicated with larger trials. While we evaluated clinical pain outcomes in this study we did not examine other important aspects of FM symptomology including fatigue and cognitive dysfunction. Our paradigm also produced some activation in expected pain-processing regions (i.e., insula) 26 but did not produce robust activation in the antinociceptive regions subsequently identified in the whole brain correlation between MOR BP and evoked pain BOLD. Interestingly, these regions have not been shown to be robustly activated by evoked pain in other FM samples 26 suggesting that they may be modulatory in nature. Future studies might employ different paradigms that have been shown to produce more antinociceptive brain activation. Finally, the number of stimulations used in this study (six) may not be optimal for pain fMRI research.
Our findings provide important mechanistic information that may help identify weaknesses in the current treatment of FM and other chronic pain patients. Our study seems to provide evidence that the endogenous opioid system is involved in particular aspects of the pain experience in FM. Pain affect and expectancy/placebo effects appear to be most strongly related to this system in FM, at least as it relates to evoked pain brain responses. We think it is notable that affective pain is strongly associated with the identified regions, especially given the lack of an association of MOR availability and BOLD with overall levels of depression; this suggests an important degree of specificity to pain. Despite current trends in opioid consumption there is little evidence supporting the long-term use of opioid medications in chronic non-cancer pain. 44 Our current findings strengthen our contention that opioids are unlikely to be efficacious in FM due to already reduced numbers of MORs or receptor affinity, 30 and actually support a plausible mechanism by which long term opioid use could worsen pain outcomes by exacerbating an existing vulnerability in the endogenous opioid system. These hypotheses can be tested by examining basal endogenous opioid system tone in FM and determining if this measure predicts a reduced response to exogenous opioids or an increase in their deleterious side effects. Future research is needed to determine if these findings may be generalizable to other pain states displaying enhanced brain responses to pain 58 and reduced opioid receptor binding. 38 
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